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An investigation of BELENE Nuclear Power Plant (NPP) free ﬁeld signal is presented in the current study. An SH wave
propagation trough multilayer geological media in the region is considered. An original structural model of the geological
column has been developed. The investigated layers are isotropic, with constant depth and skyline parallel. The SH rays
are with an arbitrary angle as far as the layers are concerned. The seismic SH waves have been generated by a special det-
onation device. The main results of the study are graphically illustrated. A comparison between the original BELENE NPP
experimental and the numerical surface (free ﬁeld) signals (obtained by the formulated direct problem) for the investigated
geological column has been carried out and its results are hereby shown.
 2006 Elsevier Inc. All rights reserved.
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The free ﬁeld signals are very important characteristics of any seismic site. Moreover, they are essential data
for the development of the two most fundamental NPP tasks connected with the construction of NPP-s:
• Seismic NPP-s micro-zoning: this task consists in the determining of the probability NPP-site parameters,
such as, geological data, seismic region intensity, magnitudes, return periods, seismic risk analysis, seismic
hazard, layer velocities, attenuation law, etc. [1,2]. Free ﬁeld experimental and numerical signals represent
the most informative seismic micro-zoning characteristics of the NPP-site. All other above-mentioned
parameters can be obtained using the free ﬁeld signals.0307-904X/$ - see front matter  2006 Elsevier Inc. All rights reserved.
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1890 P. Philipoﬀ, P. Michaylov / Applied Mathematical Modelling 31 (2007) 1889–1898• An NPP Soil-Structure Interaction [3–8]: this task consists in determining the NPP-structure response. Bed-
rock or coming from one of the layers signals can be used as input data. The response of an NPP-structure
can be obtained following the well known soil-structure interaction modelling procedures.
Usually SH wave propagation problem is used for obtaining the layer velocities and the free ﬁeld signals.
In Haskell [9]–Thompson [10] matrix method only the falling, the passing and the ﬁrst reﬂected waves on the
each layer boundary are taken into account. Gilbert and Backus [11] applies this method in the seismology
for the ﬁrst time. Similar matrix method is used in [12]. In Napetvaridze [13] method the problem solution is
given as a fast convergent time sequence. Two methods for solving problems of a spherical wave interaction
with plane boundary are described in [14]. The ﬁrst of them uses the Fourier transformation (frequency
domain). The second method (Cagniard-De Hoop) leads to solution of the formulated wave propagation
problems in time domain. The special case of propagator–matrix method is used for solving the wave prop-
agation problems in vertically heterogeneous medium [14]. The detailed comparison between recursive and
propagator methods for solving of the above formulated wave propagation problems is given in [15]. All
those methods [9,10,12–15] are of approximate type. In some cases those approximations in the correspond-
ing solutions lead to signiﬁcant inaccuracy. They can be estimated adequate by comparison of experimental
and numerical results. In the study a new original structural method for solving of boundary value problems
in multilayered structures is developed. All possible wave rays (way combinations) are taken into account.
The method can be applied for investigation of SH wave propagation problems. More complicated version
[8] of the method can also be used for the cases of wave packages, which consist of P, SV, surface and SH
waves.2. Experimental geodetic chain
The geometrical model of the investigated geological column is shown in Fig. 1. It represents the oﬃcial
geological proﬁle of the building site of the NPP Belene-East (shallow proﬁle) [12,13]. The table shown in this
ﬁgure contains the following data: layer number, depth, volume density, SH transverse wave velocity. Seismic
sensors are marked with S. The sensor registering the variation of the ground particles’ velocity is marked with
SUp. The sensor registering the variation of the bedrock particles’ velocity is marked with SDown. Besides, S1,
S2, S3 represent the sensors registering the velocity variation of the ground particles’ situated at the boundaries
of layers 1, 2 and 3 respectively. Sensors SDown, S1, S2, S3 are placed upon steel plates, welded to steel tubes,Fig. 1. Experimental geodetic chain.
Fig. 2. Detonation device for SH wave generating.
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nations are carried out into the deep drilling using the device shown in Fig. 2. The sensors register all SH fall-
ing, passing and reﬂected waves at the corresponding layers, at bedrock and surface boundaries. The
experimental work station is OYO McSEIS 1500 (Japan) type. The sensors are VEGIK (Russia) type. The
sensitivity of the sensors is 0.290 V/m s, the natural frequency of the sensors –11 Hz and the damping of
the sensors is 28%. The constant part of the frequency response function of the sensors is from the periods
0.03 s to 0.5 s. Ampliﬁcation of the sensors is 40000.3. Structural mathematical model
The structural model of a multilayer medium is shown in Fig. 3. The formulated boundary problem
the model describes can be solved by a system of diﬀerential equations, initial conditions and corresponding
boundary conditions [8,16–25]. This diﬀerential system consists in: (a) n partial diﬀerential equations- one
equation for each layer as the velocity function V(x) (depending on spatial coordinate x) is discontinued
and of a terrace-like type; (b) 2(n1) boundary conditions; (c) surface boundary condition; (d) initial condi-
tions and either of boundary conditions for the solution of the direct or inverse problem.
Another way of solving the formulated above boundary problem is to develop a structural mathematical
model. In this case the solution derives from an analytic equation system [8,16–25]. It can be constituted only
by satisfying the corresponding boundary conditions (between all neighboring layers, on the bedrock and on
the free ﬁeld) directly from the structural scheme shown in Fig. 3.
3.1. Frequency domain model
The model complex algebraic system (according to Fig. 3) can be written as follows:
Fig. 3. Multilayered media structural model. (a) SH wave propagation reﬂect–pass perpendicular process. (b) block-diagram model. (c)
Signal ﬂow graph.
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 
;
..
.
X iðsÞ ¼ W iðsÞ ð1þ biÞX i1ðsÞ  biX i ðsÞ
 
;
..
.
X i ðsÞ ¼ W iðsÞ biþ1X iðsÞ þ ð1 biþ1ÞX iþ1ðsÞ
 
;
..
.
X nðsÞ ¼ W nðsÞXnðsÞ:
ð1ÞThis mathematical description represents a system of 2n complex algebraic equations. The variables of the
system (seismic signals at both sides of each layer boundary side ðX 1;X 2; . . . ;X i; . . .Xn;X 1;X 2; . . . ;X i ; . . .X nÞ,
the coeﬃcients b (indicating passing and reﬂection of each boundary ratios) and the layer transfer functions
W1(s),. . .,Wi(s),. . .,Wn(s)) are complex-valued. This choice of the system variable equations approximates the
investigated discrete structural model to the corresponding continuous diﬀerential problem. The variables of
the above-mentioned system (1) ðX 1;X 2; . . . ;X i; . . .Xn;X 1;X 2; . . . ;X i ; . . .X nÞ for the continuous and discrete
problems are IDENTICAL. In the case of homogeneous initial conditions the image of the sought solution
in the complex domain can be obtained, taking into account that the transfer function represents a ratio
between the output and input signal images in accordance with the formula:WðsÞ ¼ fX inputðsÞg1fX outputðsÞg: ð2Þ
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Eq. (1) we calculate numerically the formulated above problems by means of Fourier integral transformation.
The solution of the DIRECT PROBLEM can be obtained by the use of the following computational steps:
(i) Calculate the bedrock signal xb(t) complex spectrum Xb(jx) by means of Fourier transformation;
(ii) Obtain the transfer functionW(jx) by solving system (1) for all frequencies, and obtain the complex spec-
trum of surface signal Xs(jx) using the ratio:X sðjxÞ ¼ 2XnðjxÞ; ð3Þ
(iii) Obtain surface signal xs(t) by means of inverse Fourier transformation xs(t) = F
1{Xs(jx)}.
The solution of the INVERSE PROBLEM can be obtained by the application of the following compu-
tational steps:
(iv) Calculate the complex spectrum Xs(jx) by Fourier transformation of the surface signal xs(t);
(v) Obtain the transfer function W(jx) by solving system of Eq. (1) for all frequencies and the complex spec-
trum of the bedrock signal Xn(jx), using the ratio:XnðjxÞ ¼ 1
2
X sðjxÞ; ð4Þ(vi) Obtain the complex bedrock signal spectrum xb(t) applying the inverse Fourier transformation
xb(t) = F
1{Xb(jx)}.
This frequency domain approach can be used for the solution of the direct and inverse problems deriving
from the formulated in chapter 3 boundary value problems.
3.2. Time domain model
On the other hand, the DIRECT PROBLEM solution can be obtained from the following algebraic system:X 1ðtÞ ¼ ð1þ b1ÞXbðt  s1Þ  b1X 1ðt  s1Þ;
..
.
X iðtÞ ¼ ð1þ biÞX i1ðt  siÞ  biX i ðt  siÞ;
..
.
X i ðtÞ ¼ biþ1X iðt  siÞ þ ð1 biþ1ÞX iþ1ðt  siÞ;
..
.
X nðtÞ ¼ 1Xnðt  snÞ:
ð5ÞThis mathematical description represents a system of 2n algebraic equations. The variables of the system
(seismic signals on both sides of each layer boundary ðX 1;X 2; . . . ;X i; . . .Xn;X 1;X 2; . . . ;X i ; . . .X nÞ are real
functions, and the coeﬃcients b (reﬂection and passing layer ratios)) are complex-valued. The variables of
the system can be calculated recurrently as a function of the time from the system of Eq. (5). The time domain
surface signal can be obtained by the formula:X sðtÞ ¼ 2XnðtÞ: ð6Þ
The INVERSE PROBLEM in the time domain can be solved recurrently too, in respect of layers and not of
time. The sequence of signals in the upper layer is computationally derived by the known surface signal Xs(t):XnðtÞ ¼ 1
2
X sðtÞ;
X nðtÞ ¼ Xnðt  snÞ:
ð7Þ
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ðX iþ1ðt þ siþ1Þ þ biþ1X iþ1ðtÞ;
X i ðtÞ ¼ biþ1X iðt  siÞ þ ð1 biþ1ÞX iþ1ðt  siÞ:
ð8Þ4. Comparison between experimental and theoretical signals
The main purpose of this study is to conﬁrm the nearness of the theoretically calculated and experimentally
measured geological column surface signals. In this study (Fig. 2) only SH waves are considered in order to
achieve comparison between the experimental and numerical signals.
The bedrock experimental signal ‘‘Down’’ and the surface experimental signal ‘‘Up’’ are shown in Figs. 4
and 5, respectively. Fig. 6 shows the surface theoretical signal ‘‘Theoretical Up’’. 1536 zero samples are added
in to the sequences of each of those signals for Gibs eﬀect elimination. The Power Spectral Density (PSD) of
the signals ‘‘Down’’, ‘‘Up’’ and ‘‘Theoretical Up’’ are shown in Figs. 7–9, respectively. The comparison resultsFig. 4. Bed rock experimental signal-Down.
Fig. 5. Surface experimental signal-Up.
Fig. 6. Surface theoretical signal-Theoretical Up.
Fig. 7. Power spectral density of experimental signal-Down.
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domain are shown in Fig. 10. The comparison results between the PSD of surface experimental signal ‘‘Up’’
and the PSD of surface theoretical signal ‘‘Theoretical Up’’ are shown in Fig. 11.
5. Remarks and conclusions
One of the main aims of this investigation is to compare the surface numerical signal (a numerical direct
problem – the corresponding solution is obtained in result of the developed in the study structural method)
with the experimental signal (an experimental direct problem) in the case of BELENE NPP building-site. This
comparison has been carried out in the time and frequency domains (Fig. 9).
5.1. Time domain
The experimental surface (solid line) and theoretical surface signals (dotted line) are shown in Fig. 10. This
ﬁgure shows that the time delay of the surface signal, according to the bedrock signal, is Dt = 0.05859372 s.
Fig. 8. Power spectral density of experimental signal-Up.
Fig. 9. Power spectral density of the signal-Theoretical Up.
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time domain. This means that the experimentally recorded velocity of ground particles is approximately equal
to the corresponding theoretically computed velocity of ground particles over the entire signal time interval.
5.2. Frequency domain
The PSD appears as a suitable criterion by which the comparison of the obtained experimental and theo-
retical signals is carried out. This function describes the signal amplitudes distribution over the corresponding
frequency range. The comparison between both PSD-s, of experimental surface signal (solid line) and of sur-
face theoretic signal (dotted line), is shown in Fig. 11. Both above-mentioned functions have identical peaks
approximately about PSD = 2.25 · 107 l2/s. The diﬀerence between the corresponding frequencies of the
experimental surface signal (approximately 15 s1) and the theoretical surface signal (also approximately
15 s1) is much less than 1%. Fig. 11 shows as well that both signals coincide approximately in the low-fre-
quency range (from 0 to 40 s1). In the middle frequency range (from 40 to 80 s1) there are considerable
Fig. 10. Comparison between the experimental (solid line) and the theoretical (dotted line) surface signals in the time domain.
Fig. 11. Comparison between power spectral density experimental (solid line) and theoretical (dotted line) surface signals.
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negligible amplitudes – only in the theoretical signal again. In last two ranges, the amplitude values of PSD
in the case of experimental signal are practically absent. This is due to the fact that in numerical signal calcu-
lations only geometrical damping is taken into account. In the case of the considered real geological column,
physical damping ﬁlters the experimental signal amplitudes in the middle and high-frequency ranges [8,16–25].
The values of the signals described above are given in [8,25].
Another major result of this study is the possibility to obtain initial data for the solution of the soil-struc-
ture interaction problem. The amplitude and frequency content of the corresponding bedrock, surface and lay-
ers signals in general depends on two components. The ﬁrst component represents the ﬁreplace excitation
signal. The second component corresponds to the geological and velocity characteristics of the bedrock and
layers. For the purpose of BELENE NPP designing a signiﬁcant amount of stochastic geological data has
been investigated. A number of variants have been considered regarding the future building-site location.
For example, it is very important to choose the depth and velocities of the geological column. The radiation
of the seismic energy depends to a great extent on this choice. If the bedrock has a high SH wave velocity and
1898 P. Philipoﬀ, P. Michaylov / Applied Mathematical Modelling 31 (2007) 1889–1898layer 1 has a low SH wave velocity, radiation of the energy in the geological column is low. On the contrary, in
the case of a low SH wave velocity of the bedrock and a high SH wave velocity in layer1, radiation of seismic
energy is high. Finally, a lot of expert seismic signals estimations have been obtained in the purpose of
BELENE NNP designing. These voluminous initial data [8,25] will be applied in the future in the process
of soil-structure interaction investigation.
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